Introduction
Loss of the blood-retinal barrier (BRB) contributes to the pathophysiology of a number of retinal diseases, including diabetic retinopathy and neovascular age-related macular degeneration (Frey and Antonetti, 2011; Runkle and Antonetti, 2011) . Structurally, the BRB consists of two distinct barriers, the outer BRB consisting of retinal pigment epithelium that regulates transport between the choriocapillaris and the retina, and the inner BRB, which regulates transport across retinal capillaries (Antonetti et al., 2008; Frey and Antonetti, 2011) . The inner BRB relies on tight junction (TJ) proteins between endothelial cells to regulate the flux of ions, molecules and fluid between blood and retinal tissue. TJ disruption leads to vascular permeability, considered a hallmark of retinal vascular diseases including diabetic retinopathy, retinopathy of prematurity and central retinal vein occlusions, among others. Molecular components of tight junctions in vascular endothelial cells include the transmembrane proteins claudins -1, -5, and -12, occludin and tricellulin, junctional adhesion molecules, and endothelial cell selective adhesion molecule, as well as the junctional organizing proteins, zona occludens (ZO-1 and -2), which connect the transmembrane proteins with the cytoskeleton. In addition to TJ sites, adherens junctions (AJ) also regulate paracellular flux, mainly through the expression and regulation of vascular endothelial cadherin (VE-Cadherin) and platelet endothelial cell adhesion molecule (PECAM) (For review see (Dejana, 2004) ).
The blood vessels of the retina, like the brain, are connected to a high number of pericytes that envelop the retinal endothelial cells, as well as astrocytes whose end-feet processes wrap around capillaries. Collectively, signals from both pericytes and glial cells are required for formation and maintenance of the BRB properties (Daneman et al., 2010; Runkle and Antonetti, 2011; Shen et al., 2012) . Understanding the molecular mechanisms that promote BRB properties in endothelial cell cultures separately from pericytes and glia may provide insight into the development of new therapies for retinal vascular permeability.
Activation of the sonic hedgehog (Shh) signaling pathway is important in a number of developmental processes including neuronal differentiation, axon guidance, and angiogenesis (Fuccillo et al., 2006; Nagase et al., 2008) . In the absence of Shh, the Patched-1 (PTCH1) receptor interacts with Smoothened (SMO) receptor inhibiting signal transduction. Upon Shh interaction with PTCH1, SMO activation induces nuclear translocation of Gli transcription factors (Traiffort et al., 2010) . However, some recent studies suggest the existence of an additional Shh pathway, independent of Gli activity (Jenkins, 2009 ). In the brain Shh is secreted from astrocytes to promote vascular barrier properties, by the upregulation of TJ proteins (Alvarez et al., 2011) ; however, whether Shh promotes stability of the BRB has not been studied yet, and its ability to reverse vascular endothelial growth factor (VEGF) induced permeability is not known.
In this study, we tested the hypothesis that Shh signaling is required for endothelial cell barrier maintenance in a primary culture of retinal endothelial cells. Our data suggest a role for cell autonomous signaling of the Shh/SMO pathway through Gli transcription factors, in tight junction maintenance in endothelial cells. Shh pathway inhibition appears to act in parallel with VEGF to disrupt barrier integrity.
Material and methods

Primary bovine retinal endothelial cell culture
Primary bovine retinal endothelial cells (BRECs), a wellcharacterized primary cell preparation used for in vitro studies of retinal vascular permeability, were derived as previously described (Antonetti and Wolpert, 2003; Aveleira et al., 2010) . Cells were thawed at passage 2 and grown as previously described (Aveleira et al., 2010) . Cells from passage 2e8 were used for all experiments. Briefly, ECIS 8-well chamber slides, transwell inserts, 60 mm plates or plastic coverslips, were coated with fibronectin (1 mg/cm 2 , Sigma, St. Louis, MO) for one hour at room temperature. Cells were plated in MCDB-131 complete media (Life Technologies, Grand Island, NY) with 10% FBS and supplemented with EGF (10 ng/ml, Sigma), Endogro (0.1 mg/ml, Vec Technologies, Rensselaer, NY), and heparin (0.045 mg/ml, Fisher Scientific, Waltham, MA) as previously described (Aveleira et al., 2010) . BREC were grown for two days to confluence at 37 C and then the media was changed to MCDB-131 medium supplemented with 1% FBS, 0.01 ml/ml antibiotic/antimycotic (Life Technologies) and hydrocortisone (100 nM, Sigma) for two additional days. At this point VEGF (50 ng/ml), human recombinant Shh (hrShh) (10, 30, 100 and 300 ng/ml; all from R&D systems, Minneapolis, MN), KAAD-Cyclopamine (10 mM, Stemgent, San Diego, CA), Purmorphamine (10 and 100 ng/ml; Tocris Bioscience, Bistrol, UK) or Vismodegib (GDC-0049) (200 mg/ml, a gift from Dr. Sunny Wong) were added at the top of the monolayers.
Trans-endothelial electrical resistance (TEER) measurements
TEER measurements over time were made using the electrical cell-substrate impedance sensing (ECIS) Z-theta system (Applied Biophysics, Troy, NY). For continuous real-time TEER experiments, 45,000 BREC were plated in 8-well chamber slides equipped with gold plated electrode arrays (Applied Biophysics) and monolayer TEER was measured at 4000 Hz once every hour (Tiruppathi et al., 1992) . TEER measurements are expressed in total ohms per well within 0.8 cm 2 growth area.
Permeability assay
BREC were plated on 12-mm diameter, 0.4-mm pore size, polyester transwell filters (Costar) at 1 Â 10 5 cells/well. After the indicated treatments, 10 mM of 70 kDa rhodamine isothiocyanate (RITC) dextran (Sigma) was added to the apical chamber. To determine monolayer permeability, 50 ml aliquots were collected from the basolateral chamber every 30 min and after 3.5 h, 10 ml from the apical chamber was collected and diluted 1:5. Aliquots were quantified using FluorImager 595 (Molecular Dynamics), and diffusive permeability rate (Po) (cm/sec) was calculated as previously described (Harhaj et al., 2002) .
Immunofluorescence
BREC monolayers were fixed with 1% paraformaldehyde, permeabilized with 0.2% Triton X-100 and blocked with 10% goat serum, followed by their incubation with primary antibodies:
polyclonal rabbit a-Claudin-5 (Invitrogen; 1:100), monoclonal mouse a-Occludin (Invitrogen; 1:100), monoclonal rat a-ZO-1 (Millipore; 1:100), or monoclonal mouse a-VE-Cadherin (F-8) (Santa Cruz Biotechnology; 1:100), for 2 days at 4 C. The primary antibodies were detected using secondary fluorescent antibodies: goat anti-mouse Alexa Fluor 488 (Life Technoligies, 1:400), goat anti-rabbit Alexa Fluor 594 (Life Technologies, 1:400), goat anti-rat Alexa Fluor 647 (Life Technologies, 1:400) and Hoechst (Life Technologies, 1:1000) overnight at 4 C. Samples were imaged using a confocal microscope (TCS SP5; Leica, Wetzlar, Germany).
Western blot
Total protein content of confluent BREC monolayers was quantified by Western immunoblotting. BREC were harvested in a detergent-based extraction buffer. After the determination of total protein concentrations using DC protein assay kit (Bio-Rad), fifty micrograms protein was diluted in LDS sample buffer and was loaded on 4%e12% Bis-Tris 1.5-mm, 10-well gels (NuPAGE, Invitrogen). The gels were run according to NuPAGE protocols using MOPS SDS running buffer (Invitrogen), transferred to MSI nitrocellulose (Fisher Scientific, Pittsburgh, PA), blocked in 2% ECL Advance blocking reagent (Invitrogen) in 0.5% TBS-T, and immunoblotted with: polyclonal rabbit a-Claudin-5 (Invitrogen; 1:1000), polyclonal rabbit aOccludin (Invitrogen; 1:1000), monoclonal rat a-ZO-1 (Millipore; 1:1000), or monoclonal mouse a-b-Actin (Cell Signaling; 1:5000).
Primary antibodies were detected with horseradish peroxidaseconjugated a-mouse, a-rabbit or a-rat IgG and chemiluminescence (ECL Plus; GE Healthcare, Buckingham-shire, England). Images were acquired with FluorChem™ E chemiluminescent detector (Protein Simple, San Jose, CA) and the intensity of each band was analyzed using ImageJ 1.46r (National Institutes of Health, USA) software.
qRT-PCR
RNA from BREC monolayers was extracted and purified from gDNA, with RNeasy Plus mini kit (Qiagen, Gilden, Germany), after 48 h of stimulation with Shh, cyclopamine, purmorphamine and/or VEGF. 1 mg of RNA per sample was processed with Omniscript Reverse Transcription kit (Qiagen) to obtain cDNA and finally, qPCR was performed with TaqMan ® Real-Time PCR master mix (Thermo Fisher Scientific, Waltham, MA) using specific primers to detect Sox18 and Ptch1 gene expression. Results were normalized to bactin mRNA expression.
Statistical analysis
Data were analyzed for means and standard errors of the mean Fig. 1 . VEGF and cyclopamine act additively to increase the permeability of BREC monolayers. BREC stimulated with vehicle (C), human recombinant sonic hedgehog (Shh; 100 ng/ml), an inhibitor of Shh signaling: cyclopamine (Cyclo; 10 mM), and/or vascular endothelial growth factor (VEGF; 50 ng/ml) in 1% FBS step down medium. After 48 h, the permeability of a 70 kDa RITC-dextran molecule was measured by collecting 50 ml aliquots from basolateral chamber every 30 min for 3.5 h and diffusive permeability rate was calculated (Po in cm/sec). Basal permeability values were around 5.4 Â 10 À7 (100%) and all values were normalized to the control value of each experiment. Data represent the mean ± SEM; P values are shown (* vs C, # vs Shh and *** vs all conditions) as tested by ONE Way ANOVA and multiple comparison, followed by Bonferrioni's post-test; N ¼ 7 for each group.
(SEM) using GraphPad software (Instat version 6 for Mac OS X, San Diego, California). T-test, one or two way ANOVA tests were performed as indicated in detail at the bottom of each figure legend.
Results
Cyclopamine is additive with VEGF to increase endothelial permeability in vitro
A recent study suggested that the Sonic Hedgehog (Shh) signaling pathway is involved in stabilizing the blood-brain barrier (Alvarez et al., 2011) , however its role in maintaining blood-retinal barrier (BRB) is not known and the potential of Shh to reverse vascular endothelial growth factor (VEGF) induced permeability has not been tested. To assess whether Shh signaling affects diffusive permeability of retinal endothelial cells, we used a wellestablished in vitro model of a primary culture of bovine retinal endothelial cells (BREC). BREC monolayers were stimulated with human recombinant Shh or cyclopamine, a Shh pathway inhibitor through Smoothened (SMO) receptor, separately or in combination with VEGF and diffusive permeability to 70 kDa RITC-dextran was assessed. Administration of VEGF induced an increase in permeability of 70 kDa RITC-dextran in comparison with control (*P < 0.01), as previously reported (Harhaj et al., 2006) , while Shh addition either alone or with VEGF, did not alter the permeability to 70 kDa RITC-dextran (Fig. 1) . Interestingly, the addition of VEGF and cyclopamine together induced an additive increase in BREC permeability that was significant in comparison with all conditions (***P < 0.0001). This data suggests an endogenous Shh signaling in retinal endothelial cells that contributes to barrier maintenance. Moreover, inhibition of Shh signaling through SMO receptor and VEGF act additively to inhibit BREC monolayer permeability. As a complementary assay for BRB integrity, we performed real time measurements of trans-endothelial electrical resistance (TEER) that is sensitive to permeation of ions across the monolayer, using an ECIS Z-theta system. Cells were plated (day 0) and grown on gold-plated electrode arrays and were measured from day 1 with a reading of 200 U within 0.8 cm 2 growth area and reached a plateau of 2000 U 2-days after changing to 1% fetal bovine serum (FBS) media with hydrocortisone (data not shown). To determine if VEGF and Shh act through a common signaling pathway to regulate the barrier properties of BREC, we administered Shh or cyclopamine separately or in combination with VEGF and assayed for changes in TEER. Similar to our diffusive permeability experiments, VEGF reduced TEER to approximately 30% of the control value (blue; Fig. 2A ). VEGF and Shh added together yielded results identical to VEGF alone in TEER (red). Administration of Shh (pink) resulted in no change in TEER in comparison with the control monolayer (black). Conversely, cyclopamine significantly decreased TEER of BREC to approximately 50% of control values by 5 h and even faster and to a greater extent than VEGF alone by the first 11 h (dark green). Further, VEGF and cyclopamine demonstrated an additive effect in reducing TEER (light green). These data support a role for cell autonomous Shh signaling in endothelial barrier properties in a signaling pathway separate from VEGF.
We further tested whether increased time or doses of stimulation with Shh could counter VEGF-induced permeability. The addition of Shh for 4 (light blue) or 24 (orange) hours before addition of VEGF did not prevent VEGF decrease in TEER (Fig. 2B) . Likewise, after 30 h incubation with VEGF, BREC monolayer were stimulated with Shh at 10, 30, 100 and 300 ng/ml, resulted in no change in TEER in comparison with VEGF alone (supplemental figure) . As a complimentary experiment, we stimulated BREC monolayers with VEGF and 10 or 100 ng/ml of purmorphamine (Purm), a purine-based small molecule agonist of SMO receptor (Sinha and Chen, 2006) . However, purmorphamine was not able to restore VEGF decrease in TEER (supplemental figure) . This data reveals that recombinant Shh or a chemical agonist of the SMO receptor, are not sufficient to rescue VEGF-mediated BREC permeability.
Cyclopamine alters tight junction protein localization
Changes in tight junction (TJ) protein expression or organization may contribute to increased permeability. To determine whether cyclopamine altered the expression of TJ proteins, VEGF, recombinant Shh or cyclopamine were added to cultures separately or in combination, and western blot of TJ proteins ZO-1, occludin and claudin-5 were performed. The western blot of claudin-5 and occludin showed no change in total content in the observed time course but ZO-1 decreased after the addition of VEGF and cyclopamine together (Fig. 3) .
Altered organization and localization of TJ proteins contribute to altered endothelial permeability. To assess whether cyclopamine altered the subcellular localization of ZO-1, occludin and claudin-5, we performed immunofluorescence confocal microscopy of BREC monolayers. Administration of VEGF yielded changes in endothelial cell morphology and modest changes in occludin and ZO-1 localization, while changes in VE-cadherin and claudin-5 were not readily apparent (Fig. 4) . Addition of Shh did not alter either the basal or VEGF treated samples, since morphology and TJ organization were observed comparable to VEGF treatment alone. Addition of cyclopamine dramatically reduced the occludin and ZO-1 border staining, while the localization of claudin-5 or VE-cadherin was less affected. Concurrent administration of cyclopamine and VEGF showed a further decrease in occludin and ZO-1 staining at the cell border and a dramatic increase in occludin staining as puncta. Furthermore, increased intracellular staining of claudin-5 and VE-cadherin was observed. Together these data suggest that VEGF and cyclopamine decrease BREC monolayer integrity by changing localization of TJ proteins and that VEGF and cyclopamine utilize distinct downstream pathways in affecting BREC monolayer barrier properties.
Cell autonomous Shh signaling in BREC
Since cyclopamine reduced endothelial barrier properties but addition of Shh had no effect, we hypothesized that cells may activate Shh signaling in a cell autonomous fashion. To address this possibility, BREC monolayers were stimulated with Shh, Fig. 4 . Cyclopamine decreases occludin and ZO-1 localization at the cell borders and promotes claudin-5 and VE-Cadherin intracellular staining in BREC. BREC treated with vehicle (Control), Shh (100 ng/ml), Cyclo (10 mM), and/or VEGF (50 ng/ml) in 1% FBS step down medium for 48 h, were analyzed for immunoreactivity of claudin-5, occludin and ZO-1 (A) or VE-cadherin and ZO-1 (B). In each condition, images of four random fields from four independent experiments were taken and the representative images are shown. Scale bar, 25 mm.
cyclopamine, purmorphamine and/or VEGF. After 48 h, the RNA from monolayers was extracted to measure the expression of genes activated downstream of the SMO/Gli pathway, such as Sox18 and Ptch1. As shown in Fig. 5 , Sox18 and Ptch1 demonstrated basal expression that was not increased by the addition of and Shh or purmorphamine, but cyclopamine significantly decreased expression of these genes in a manner independent of Shh or purmorphamine addition, suggesting that Shh pathway is already activated in BREC monolayers. VEGF only decreased Ptch1 gene expression and the addition of Shh was not sufficient to restore Ptch1 expression in monolayers stimulated with VEGF. Interestingly, the addition of Shh, cyclopamine or purmorphamine with VEGF had a slight but significant effect in Sox18 and Ptch1 gene expression beyond that of VEGF.
In order to determine whether cyclopamine's effects on BREC monolayer integrity is through Shh signaling versus non-specific or off target effects, we also tested another Shh pathway antagonist, Vismodegib (Vismo), and its effects on endothelial permeability (Taipale et al., 2000) . Vismodegib, or Erivedge (also known as GDC-0449) is an FDA approved drug for the treatment of advanced basal cell carcinomas (BCC) and specifically binds and inhibits SMO receptor (Wahid et al., 2016) . Continuous measurements of TEER on BREC monolayers stimulated with Vismodegib, VEGF or both, showed that Vismodegib significantly decreased TEER control values by 33 h (pink) and that this effect was additive to VEGF stimulation by 27 h (light blue ; Fig. 6) ; however, the effect size was significantly less than with cyclopamine. These results support the hypothesis that Shh/SMO signaling pathway regulates BREC permeability in a cell autonomous manner and independent of VEGF signaling.
Discussion
In this study, we were able to demonstrate a novel cell autonomous role for the Shh pathway in regulating endothelial permeability in an in vitro model of retinal vascular endothelial cells that appears to act in parallel to VEGF-signaling pathways. Our results showed that VEGF and SMO inhibitors had profound effects on tight junctions structure that involved redistribution of key proteins. It should be noted that inhibition with cyclopamine was much more pronounced than with Vismodegib, suggesting that cyclopamine may have additional off target effects. However, the regulation of known Gli targets and the observed altered barrier properties with both cyclopamine and Vismodegib provide evidence for the role of SMO signaling in primary endothelial cell culture.
This research identified a role for SMO signaling in regulating retinal vascular permeability consistent with recent studies demonstrating a role for Shh in promoting blood-brain barrier integrity (Alvarez et al., 2011) and add to these data by demonstrating SMO inhibition directly inhibits barrier properties, even in the absence of pericytes or glial cells. Here we demonstrate that a SMO inhibitor, cyclopamine, decreases BREC monolayer integrity and causes changes of claudin-5, ZO-1, occludin, and VE-cadherin localization. This contrasts with data from human brain endothelial cells treated with cyclopamine and astrocyte conditioned medium (ACM), which showed reduced protein expression levels of claudin-5, occludin, JAM-A, claudin-3, and VE-cadherin by western blot (Alvarez et al., 2011) . Interestingly, in an animal model of stroke, recombinant Shh was shown to regulate levels of the TJ protein ZO-1 through regulation of angiopoietin-1 (Xia et al., 2013) . In our in vitro model, ZO-1 did not increase with the Shh stimulation, but the addition of VEGF and cyclopamine together decreased total content of this TJ protein.
We did not observe an increase of vascular permeability by administering recombinant Shh or purmorphamine, as we hypothesized. Indeed, the additive nature of cyclopamine or Vismodegib with VEGF on endothelial permeability and TJ organization suggest parallel signaling pathways. Further, in this in vitro system, the BREC exhibit endogenous Shh signaling, such that cyclopamine reduces SMO targeted gene expression but recombinant Shh or purmorphamine did not increase the SMO signaling pathway. These data are consistent with a recent report that shows that BREC monolayers express hedgehog proteins (Walshe et al., 2011) .
A previous report suggested that cyclopamine could inhibit neovascularization in both an oxygen-induced retinopathy model as well as a laser-induced choroid neovascularization model, suggesting that the Shh pathway normally promotes neovascularization (Surace et al., 2006) . As neovascular vessels are often associated with breakdown of the BRB, this finding suggests a complex role of Shh signaling in vessel growth and barrier formation potentially pointing to separate roles in angiogenesis and barrier formation.
Conclusions
This work has identified a novel cell autonomous role of Shh/ SMO signaling in maintenance of BRB integrity in primary retinal endothelial cells distinct from VEGF signaling. Future work will help to elucidate the downstream factors that mediate the SMO pathway regulation of barrier properties, and how these signaling pathways interact in the presence of contributions from pericytes and glial cells to induce and maintain the BRB in Vivo. vismodegib (Vismo, 200 mg/ml) and/or VEGF (50 ng/ml) in 1% FBS. Data represent the mean þ SEM; significant differences are indicated at the top of the graph in colored bars that match with the condition compared vs Control, or vs VEGF; as assessed by TWO Way ANOVA and multiple comparison, followed by Bonferrioni's post-test; N ¼ 6 for each group. VEGF-treated monolayers were significant different from control monolayers.
